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osting by EAbstract In-stent restenosis (ISR) occurs due to proliferation and migration of smooth muscle
cells from media to intima resulting in re-narrowing of the vessel lumen. This study aims to inves-
tigate changes in the three main KCa channels in response to stent implantation in porcine coronary
arteries as their expression and function in ISR is yet to be deﬁned. Twenty-eight days after stent
implantation, immunoﬂuorescent labelling with anti-desmin and anti-vWF conﬁrm the presence
of both endothelial and smooth muscle cells within the neointimal layer. Using real-time PCR, sig-
niﬁcant increase in the SK3 and IKCa and BKCa channel mRNA was observed within this layer
alone. Western blot analysis conﬁrms the expression of KCa channels in neointima. Although
expression of BKCa was increased in the neointima in comparison with medial region of the artery,
microelectrode recordings showed that the function of this channel was unchanged. However, the
presence of functional BKCa in both medial and intimal cells suggests that smooth muscle cells
migration may contribute to neointimal hyperplasia.5 961425.
(M.F. Absi).
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140 M.F. Absi et al.Functional analysis using 1-EBIO and Bradykinin produced hyperpolarization of neointimal but
not medial myocytes, which indicated the expression of functional endothelial SK3 and IKCa in the
former and not in the latter. The expression of IKCa and SK3 within the neointimal layer suggested
that some degree of recovery of both endothelial as well as smooth muscle regeneration had
occurred. Future development of selective modulators of IKCa and SK3 channels may decrease
the progression of ISR and improve coronary vascular function after stent placement, and is an area
for future investigation.
ª 2011 Cairo University. Production and hosting by Elsevier B.V. All rights reserved.Introduction
Stent implantation has become a widely accepted mean in the
treatment modality of obstructive coronary artery diseases.
However, restenosis (re-narrowing) still occurs in 20–30% of
patients and is a major limitation of this treatment [1]. Reste-
nosis is becoming a problem of coronary intervention. This
pathological process is largely due to thickening of arterial in-
tima as a result of medial cell proliferation and migration from
media into intima [2].
Contributors to neointima (NI) formation, and, therefore,
restenosis include barotraumas of stent implantation, removal
of endothelium and release of growth factors and cytokines
to promote the proliferation and migration as well as apopto-
sis of the smooth muscle cells within the arterial wall [3]. The
endothelium is believed to play an important role in limiting
the formation of NI [3]. The early regeneration of a func-
tional endothelium after stent implantation is, therefore,
desirable.
Calcium-activated potassium (KCa) channels are known to
have different distribution in vascular endothelial and smooth
muscle. Such differential expression within the normal arterial
wall is believed to help promote endothelial regulation of
smooth muscle function [4,5]. Speciﬁcally, two endothelial
KCa channels, intermediate-conductance and small-conduc-
tance KCa channels (IKCa and SKCa, respectively), are now
recognised as essential components of the Endothelial Derived
Hyperpolarising Factor (EDHF) derived vascular relaxation
response [6,7]. In most arteries including small mesenteric
arteries, EDHF pathway can be blocked by speciﬁc inhibitors,
such as TRAM-34 (selective inhibitor of IKCa) and Apamin
(selective inhibitor of SKCa) [8]. However, in large coronary
arteries, such as porcine coronary arteries, bradykinin-induced
endothelium-dependent vasodilatation also involves the gener-
ation of arachidonic acid derivatives which are most likely to
be 14,15- or 11,12-epoxyeicosatrienoic acid (EET) [8]. Such
fatty acids hyperpolarize and relax the vascular smooth muscle
by opening large-conductance KCa channels (BKCa channels)
on the myocytes [8,9].
Previous studies have implicated up-regulation of IKCa in
the proliferation of certain type of cells such as ﬁbroblasts
[10]. It is not known if IKCa also inﬂuences smooth muscle
proliferation.
In the present study, we hypothesised that stent implanta-
tion results in differential up-regulation of various KCa chan-
nels. We, therefore, aimed to identify the spatial distribution
and functionality of these KCa channels in porcine coronary
arteries 28 days after stent implantation. To our knowledge
this is the ﬁrst study to investigate changes in KCa channels
in porcine coronary artery after stent implantation.Material and methods
Animals and operative procedure
Porcine coronary stent implantation
All animal procedures were conducted according to UK Home
Ofﬁce Regulations. The investigation conforms to the Guide
for the care and use of laboratory animals published by the
US National Institutes of Health (NIH publication No. 85-23,
revised 1996). Mr. NadimMalik (Faculty of Medicine, Univer-
sity of Manchester, Manchester, UK) performed the stent
implantation in pig hearts. Brieﬂy, 150 mg of Aspirin was
administered preoperatively and daily until the end of the exper-
iments. General anaesthesia was induced and coronary angiog-
raphy performed as previously described [11]. All stents were
deployed into juvenile domestic Yorkshire pigs weighing 16–
20 kg as previously described [12]. A total of seven stents were
deployed into ﬁve coronary arteries in three animals. Animals
were killed 28 days following stent implantation, in compliance
with Schedule 1 of the UK animals (Scientiﬁc Procedures) Act
1986, porcine hearts explanted and the stented coronary artery
segments dissected free for further processing as described be-
low. All connective tissues and periadventitial fat were removed
carefullywithout damaging the endothelial cells layer. The tissue
layer within the lumen of the stent was removed and identiﬁed as
the neointima (NI), with the adjacent piece of vessel (after the re-
moval of the stent) labelled as the media. For all experiments
coronary arteries from three different pigs were used.
Total RNA isolation of and conventional RT-PCR
Total RNA was isolated from whole artery using a Qiagen
RNeasy mini kit. Following DNA digestion using RNase-free
DNase set (Qiagen). Complementary DNA (cDNA) was then
synthesized using reverse transcriptase reaction according to
manufacturer’s protocol (Qiagen). PCR reaction carried out
using HotStaTaq DNA polymerase (35 cycles, 60 C annealing
temperature and 1.5 mM Mg2+).
PCR products were size fractionated on agarose gel (1.5%
w/v in 0.5· TBE buffer) at 10 V/cm1. Primers used: pig vWF
FP0: GTCCTTGCTCCAGCCGCATATTTC and RP0CCCA
TCATCGTCAACACACTGG; pig desmin FP0: CAGA-
TCCAGTCCTACACCTGCGAG and RP0CTCAACTTCCG
AGAAACCAGCCC.
Real-time PCR
Real-time PCRwas performed on cDNA (obtained frommedia,
neointima and normal artery as described above) using SYBR
Green dye (DYNAmo HS SYBRGreen I qPCR kit; Finnzmes,
MJB; Thermo scientiﬁc) according to the manufacturer’s
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ers (although the SKCa channel a-subunit is encoded by SK1,
SK2 and SK3 genes, evidence suggests that the latter which is in-
volved in EDHF [13,14], and 40 cycles using BKCa and IKCa
primers at annealing temperature of 60 C. The ﬂuorescence of
incorporated molecules was acquired at 72 C.
The standard curve was produced by one in two dilutions of
10 ng normal porcine coronary artery cDNA then the Opti-
con2 software (MJB) was used to plot the logarithm of tem-
plate concentration against Ct values. Relative copy numbers
were then obtained from the linear relationship between loga-
rithm of copy number of PCR template and Ct values and were
used to determine the relative expression of KCa genes. GAP-
DH was used as housekeeping gene in order to correct for var-
iation in RNA amounts isolated from cell and tissue samples.
Real time PCR primers were: Pig IKCa FP
0: CTAACGAC-
GACCACTAGCTT, RP0: AGAGCCGACCAGGTAATTC;
Pig SK3 FP0: CTTCATGATGGACACTCAGC, RP0: CCTCA
GTTGGTGGATAGCTT; Pig BKCa FP
0: ACCATGAGCT
CAAGCACAT, RP0: TGTCCTGCAGCGAAGTATC; pig
GAPDH FP0: GACCACTTCGTCAAGCTCATTTCC and
RP0 GACCTGCCTCGTCATGTACCATC.
For real-time PCR experiments, mRNA was isolated from
neointima and media of coronary arteries from n= 3 pigs and
each reaction was repeated twice.
Immunocytochemistry
Tissues were ﬁxed for 45 min. Tissue samples were cryopro-
tected in 0.3 g/ml in phosphate-buffered saline, and then
embedded in O.C.T (Tissue-Tek; Sakura; Finetek USA) and
stored in 80 freezer. Samples were sectioned at a thickness
of 8 lm. Sections were washed in PBS then blocked with
(50 ll/ml normal goat serum, 10 mg/ml bovine serum albumin
in phosphate-buffered saline). Sections were then incubated
with primary antibodies (anti-SK3 1:100, anti-BKCa 1:100,
anti-IKCa 1:200, anti-desmin 1:200, anti-vWF 1:100) overnight
at +4 C. Negative controls were prepared by incubation of
the sections with primary antibodies pre-incubated with the
appropriate peptides. Secondary antibodies conjugated with
Texas Red or Alexa-488 (Jackson ImmunoResearch; West Bal-
timore, USA) were applied for 1 h at room temperature. DAPI
(4,6-diamidino-2-phenylindole; ﬁnal concentration 6 lg ml1)
was included to label nuclei. Sections were then viewed using
a Zeiss Axioplan 2 microscope with a QImaging Qicam camera
and Q Capture Pro software (QImaging).
Western blotting
Western blot analysis was performed [15] on protein samples
obtained from the neointima. SDS polyacrylamide-gel electro-
phoresis (SDS–PAGE) method was used for separating the
proteins on 10% (w v1) acrylamide separating gels and was
followed by transfer to polyvinylidene diﬂuoride membrane
as previously described [16]. Membranes were blocked over-
night in 50 mg ml1 non-fat dried milk in Twin-Tris-buffered
saline (Tween-TBS; 1 ll ml1 Tween-20, 20 mM Tris pH 8.0,
150 mM NaCl), then incubated with primary antibodies
2overnight at +4 C. Detection was achieved using horserad-
ish peroxidase-conjugated secondary antibodies and chemilu-
minescent reagents (Amersham bioscience). All primary and
secondary antibodies were diluted in 1 lg ml1 in Tween-
TBS containing 0.05 g/ml non-fat dried milk.Micro-electrode experiments
Neointimal and media tissue were pinned to the Sylgard base
of a 10 ml heated bath and superfused (10 ml min1) at
37 C with Krebs solution comprised (mmol/L): NaCl 118,
KCl 3.4, CaCl2 1.0, KH2PO4 1.2, MgSO4 1.2, NaHCO3, 25,
glucose 11) containing 300 lmol/L NG-nitro-L-arginine and
10 lmol/L indomethacin and gassed with 95% O2/5% CO2.
Cells were impaled using micro-electrodes ﬁlled with 3 M
KCl (resistance 40–80 MX). Successful impalements were sig-
nalled by a sudden change in membrane potential which re-
mained stable for at least 2 min before the experiment was
commenced. Recordings were made using a conventional high
impedance ampliﬁer (Intra 767; WPI Instruments or V 180,
Biologic). The membrane potential was monitored simulta-
neously on a digital storage osciloscope (2211, Tektronix)
and a pen-chart recorder (3400, Gould). Alternatively, signals
were digitized and analysed using a MacLab system (AD
Instruments; USA) and 50 Hz interference at the ampliﬁer out-
put was selectively removed using an active processing circuit
(Humbug; Digitimer, UK). The loss of the vascular endothe-
lium was conﬁrmed by the lack of response to100 nmol/L
Bradykinin.
Antibodies
Anti-SK3 and -BKCa (APC-025; Alomone Labs), anti-hIK1
(provided by Dr. D.J. Trezise, GlaxoSmithKline, UK), anti-
von Willebrand’s factor (Novocastra; Leica) and anti-desmin
(Sigma).
Drugs and solutions
The following substances were used: 1-EBIO (1-ethyl-2-benz-
imidazolinone; Aldrich), synthetic apamin (Latoxan), indo-
methacin, levcromakalim (SmithKline Beecham), NG-nitro-L-
arginine (Sigma–Aldrich). Bradykinin (Cayman chemicals/
Alexis Corporation, Nottingham, UK), NS1619 (1-(20-hydro-
xy-50-triﬂuoromethylphenyl)-5-triﬂuoromethyl-2(3H)-benzimi-
dazolone) (RBI, Poole, UK). TRAM-34 (1-[(2-chlorophenyl)
diphenylmethyl]-1H-pyrazole) was a gift from Dr. H. Wulff.
Data analysis
Data, expressed as mean ± SE mean, were analyzed using non
parametric t test (Man Whitney; when comparing two groups)
or Kruskal–Wallis test when comparing more than two groups
(GraphPad Prism software), as appropriate and a value of
P< 0.05 was considered signiﬁcant.Results
Molecular biology
RT-PCR results
The relative expression of KCa channels mRNA isolated from
neointima are compared with relative expression of KCa chan-
nels mRNA isolated from media and measured in arbitrary
units. There was a signiﬁcant increase in the relative expression
of SK3 mRNA in the neointima (89.40 ± 2.4%), compared to
the media (38.20 ± 3.9%; P= 0.0079; Fig. 1). IKCa mRNA
level was also signiﬁcantly increased in the neointimal layer
(92.8 ± 3.2%), compared with the media (20.17 ± 1.2%;
142 M.F. Absi et al.p= 0.0022; Fig. 1). BKCa mRNA expression was also in-
creased in the neointima (84.8 ± 6.2%), compared to the med-
ia (41.2 ± 3.4%, P= 0.0022; Fig. 1). See also Table 1.
Western blotting results
Western blot analysis of protein samples extracted from neoin-
tima showed anti-SK3 immunoreactivity of the expected size
75 kDa which is close to the predicted mass of 80 kDa. Similar
results were also observed with anti-IKCa and anti-BKCa anti-
bodies used to probe protein extract from the neointima
(50 kDa; which is close to the predicted size of 48 kDa and
130 kDa, respectively; Fig. 2). See also Table 1.
Immunoﬂuorescence staining results
In the control (normal; unstented artery) sections, IKCa was
localised in the endothelial cell layer only (Red staining;
Fig. 3) whilst SK3 immunoreactivity was observed in both
the endothelium and smooth muscle cells (Fig. 3). BKCa was
localised in the smooth muscle cells only (Fig. 3).
In sections of the neointimal layer, intense SK3, IKCa and
BKCa labelling was observed throughout the sections
(Fig. 3). Moreover, RT-PCR analysis of mRNA samples ob-
tained from neointima showed the presence of both vWF
and desmin (markers of endothelial and smooth muscle cells,
respectively). Additionally, red and green staining correspond-
ing to anti-vWF and anti-desmin antibodies was observed in
neointimal sections. The results of RT-PCR and the dual
immunoreactivity to both anti-vWF and anti-desmin antibod-Fig. 1 Changes in the relative expression of KCa mRNA. Real-time
IKCa (middle) and BKCa (bottom) gene expression in samples obtained
in response to stent implantation. The relative expression of KCa cha
expression of KCa channels mRNA isolated from media and are measies conﬁrm the presence of both endothelial and smooth cells
populations within this layer (Fig. 4a and b). See also Table
1 for summary.
In sections from the medial layer, IKCa, SK3 and BKCa
immunoreactivity was localised in several layers of smooth
muscle cells (i.e. at the luminal side of the artery). Multi lay-
ers of the fragmented internal elastic lamina were also recog-
nised in the these sections, conﬁrming these to be the media
(Fig. 3).
Functionality results
Neointima cells
The resting membrane potential of neointimal cells was
(50.7 ± 0.5 mV; Fig. 5a). The application of 600 lM of 1-
EBIO (an opener of IKca) [17], 100 nlM Bradykinin (an open-
er of IKCa and SKCa) and 33 lMNS1619 (an opener of BKCa)
each produced hyperpolarization of cells by (17 ± 1.3 mV,
13.7 ± 3.7 mV and 20.3 ± 0.5 mV, respectively; Fig. 5a).
On exposure to 10 lM TRAM-34, an initial small depolariza-
tion (2.06 ± 0.5 mV) was noted in the neointimal cells. Subse-
quent addition of Bradykinin and NS1619 reproduced the
hyperpolarization as before (Bradykinin: 13.2 ± 2.1 mV
and NS1619: 23.5 ± 1.5 mV). However, the 1-EBIO induced
hyperpolarization was almost abolished by TRAM-34 (2.2 ±
0.7 mV).
The addition of TRAM-34 and 100 lM apamin together
only partially inhibited the hyperpolarization response inducedPCR analysis of samples revealed the alteration in the SK3 (top),
from the neointima and medial region of porcine coronary artery
nnels mRNA isolated from neointima are compared with relative
ured in arbitrary units.
Table 1 Summary of RT-PCR and immunostaining results for the three KCa channels in porcine coronary arteries. EC: endothelial
cells, SMC: smooth muscle cells, +: present in the section.
RT-PCR Media (n= 3) Neointima (n= 3) P value
SK3 38.20±3.9 89.40±2.4 0.0079
IKCa 20.17±1.2 92.8±3.2 0.0022
BKCa 41.2±3.4 84.8±6.2 0.0022
Immunostaining Normal artery Media (multilayer) Neointima
SK3 EC+SMC + Throughout section
IKCa EC + Throughout section
BKCa SMC + Throughout section
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all the hyperpolarization actions of Bradykinin result from
opening of IKCa and SKCa. However, the hyperpolarization
action of NS1619 was not changed in the presence of both tox-
ins (23.1 ± 1.0 mV). 1-EBIO induced hyperpolarization was
abolished by the application of both TRAM-34 and apamin
(0.7 ± 0.3 mV; P= 0.034). see Table 2 for summary of the
results.
Medial cells
The resting membrane potential in the medial cells was
50.35 ± 0.24 mV. Exposure to 600 lM 1-EBIO and 100
lM. Bradykinin did not have any hyperpolarisation effects
on these cells (52.15 ± 0.65 mV and 49.50 ± 0.45 mV,
respectively; Fig. 5b.) indicating the absence of endothelial
cells and thus functional IKCa and SKCa in this layer. In con-
trast, 33 lM NS1619 induced a robust hyperpolarization
(21.68 ± 0.99 mV, Fig. 5b) as also seen in the neointimalFig. 2 Western blot analysis of neointimal protein extract (20 lg) de
weight markers are indicated (kDa).layer previously. Moreover, the NS1619-induced hyperpolar-
ization was completely unchanged in the presence of TRAM-
34 (22 ± 0.9 mV) or TRAM-34+ apamin (22 ± 1.2 mV),
indicating that the hyperpolarisation response is from the
opening of BKCa channels.
In order to conﬁrm the identity of the cells (as smooth mus-
cle cells) and penetration of microelectrodes, at the end and of
each experiment, 10 lM levcromakalim (opener of KATP chan-
nels) was applied and the hyperpolarization response recorded
as before. As expected, the hyperpolarization responses were
not affected by either of these toxins (before 48.2 ±
0.4 mV; after 48.2 ± 0.5 mV). See also Table 2 for summary
of the results.
Discussion
Re-stenosis is a pathological process and is largely due to neo-
intimal hyperplasia which is a characteristic of smooth muscle-monstrated the presence of three types of KCa channel. Molecular
Fig. 3 Immunoreactivity of KCa channels in stented porcine coronary artery. Immunostaining of normal (NA), media (Me) and
neointimal (NI) region of the porcine artery with (2, 3, 4) and without (1) anti-KCa antibodies. Positive immunoreactivity (red) in sections
labelled with anti-SK3, -IKCa and BKCa. The internal elastic lamina appeared as (green) and nuclei as (blue).
144 M.F. Absi et al.rich vessels and results in response to a wide variety of injuries,
including stent implantation to treat coronary vascular nar-
rowing due to atherosclerosis. Neointimal hyperplasia is a ma-
jor contributor to narrowing of blood vessel lumen after stent
implantation, a problem that necessitates urgent and costly
clinical intervention. Understanding the mechanisms that are
involved in neointimal formation is of great signiﬁcance as it
might provide a promising target to limit restenosis.
The present study focused on investigating the changes in
expression and function of three main Ca2+–K+ channels in
porcine coronary arteries after stent implantation in an at-
tempt to understand mechanisms that are involved in neointi-
mal formation.Porcine coronary arteries were isolated 28 days after stent
implantation. It was intended to leave the stent as long as pos-
sible in order to mimic the changes that affect the surgical out-
comes of stent implantation in humans. However, preliminary
experiments resulted in death of two out of ﬁve pigs 30 days
following stent implantation.
Our RT-PCR data show that there was a signiﬁcant in-
crease in the relative expression of mRNA and protein of
SK3 (the SKCa channel a-subunit which is involved in the
EDHF response; [13,14], IKCa and BKCa in the in-stent neoin-
tima, compared with media of the stented artery. The protein
of these ion channels was also detected in the neointima. Thus,
although previous studies have demonstrated that the expres-
Fig. 4 Identiﬁcation of cells within neointima: (a) RT-PCR
analysis of desmin (320 bp) and vWF (330 bp) mRNA in the
neointima cDNA. (b) Immnunostaining of neointimal with anti-
desmin and anti-vWF. desmin (green), red (vWF) and nuclei
(blue).
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whereas BKCa are functionally active in smooth muscle cells
[18,19], our data showed the presence of all three KCa chan-
nels, SK3, IKCa and BKCa, in the neointima as well as the med-
ia. It is possible that the media of stented vessel comprise two
populations of cells; (1) contractile (normal) and (2) proliferat-
ing smooth muscle cells and thus the expression of functional
IKCa and possibly SKCa may be associated with proliferating
phenotype of myocytes.
We wanted to investigate whether the neointimal formation
is associated with a switch from the functional expression of
smooth muscle cells BKCa to the functional SK3 and IKCa
or if the neointima is a mixed population of both regenerated
endothelial cells (which follows the arterial injury) and smooth
muscle cells which migrated from the media.
RT-PCR analysis and immunoﬂuorescence labelling of
neointimal indicated the presence of both desmin and vWF
mRNA and proteins (markers for smooth muscle and endothe-
lial cells, respectively). This indicates that neointima which
comprises mostly of smooth muscle cells had developed some
degree of endothelial regeneration a process which depends
upon the animal model and can markedly affect neointimal
thickening [20]. However, the background green autoﬂuores-
cence of most neointimal sections which was omitted upon
visualising the KCa channels (red) may represent the extracel-
lular matrix. This is consistent with previous ﬁndings which
suggested that only 11% of neointimal volume is a cellular
component, whereas the rest is extracellular matrix [21].
Additionally, in the medial sections, multi layers of cells (in-
tensely stained with BKCa, IKCa and SK3) and lining the lu-
men were observed. This could be the region of the arterywhere the neointima had formed. Several layers of the internal
elastic lamina were also observed in the media. This is consis-
tent with previous ﬁndings which demonstrated that ultra-
structural changes in the internal elastic lamina are due to
increased levels of metalloproteinases that degrade collagen
and other proteoglycan core proteins [23] and thus lead to
migration and subendothelial proliferation of smooth muscle
cells.
The data of the present investigation indicate the presence
of functional endothelial IKCa channels as was shown by
microelectrode recordings of the neointima in which the hyper-
polarization effect of 1-EBIO (which opens IKCa in vascular
endothelial cells; [19] was fully blocked by TRAM-34 (a selec-
tive inhibitor of IKCa). Furthermore, the functional endothe-
lial SKCa channels was detected in the neointima as the
hyperpolarising action of bradykinin (which induces myocyte
hyperpolarization via the opening of endothelial IKCa and
SKCa [8]), although unchanged in the presence of TRAM-34,
was signiﬁcantly but not fully reduced in the presence of
TRAM-34+ apamin. These data also indicate that another
pathway is involved in bradykinin induced myocytes hyperpo-
larization such as EETs (see [8]). The Neointimal cells also ex-
press the functional BKCa channels as the compound NS1619
(an opener of BKCa) induced hyperpolarization that was not
affected by apamin and TRAM-34. The functional expression
of BKCa channels (which is known to be mainly present in
myocytes) within neointima strongly suggest that neointimal
hyperplasia is due to migration of smooth muscle cells from
media into intima.
Taking together these results indicated that the endothelial
regeneration (within the neointimal (which is mostly smooth
muscle cells) had occurred.
In the media, using the same agents, the data from micro-
electrode recordings pointed out to the absence of functional
endothelial IKCa and SK3, since bradykinin and 1-EBIO failed
to induce hyperpolarization of the cell membrane. As ex-
pected, medial cells showed the presence of functional BKCa
channel in the myocytes as NS1619 produced a robust hyper-
polarization, the effect which was unaltered by the exposure of
the cells to apamin and TRAM-34. This is consistent with pre-
vious ﬁndings that the functional BKCa is restricted to the
smooth muscle cells [18,19].
It is noteworthy that although the functional BKCa chan-
nels were present in both neointima and media with enhanced
expression within the neointima, the function of this channel
remains unchanged. This could be due to the different micro-
environment to which smooth muscle cells are exposed follow-
ing their proliferation and migration from the media to the
intima where the neointimal hyperplasia reaches its maximal
thickening within 3 weeks then the proliferating SMC return
to the contractile phenotype [22].
Taken together these results indicate that although the
functional IKCa and SK3 channels and thus EDHF response
was reserved in the regenerated endothelial cells, the involve-
ment of other mechanisms such as NO (that might be im-
paired) cannot be excluded. It is also possible that the
presence of functional IKCa within the neointimal cells is asso-
ciated with a possible role of this channel in the proliferation
of smooth muscle cells since previous studies show the impor-
tance of this IKCa in the proliferation process of certain cell
types [9]. However, the presence of functional endothelial cells
within the neointima could be beneﬁcial since the hyperpolar-
Fig. 5 Investigation of functional expression of KCa channels in the stented porcine coronary artery. The effect of TRAM-34 and
apamin on the neointimal (a) and the medial cells (b) responses to I-EBIO (IKCa opener), bradykinin (IKCa and SK3 opener) and NS1619
(BKCa opener). Graphical representation of data from four vessels. Each column represents the mean membrane potential (m.p.) before
(+ s.e. mean) and after (s.e. mean) addition of the drug. All drugs were added to the solution superfusing the tissue as bolus doses which
were calculated to give, transiently, the stated ﬁnal bath concentrations.
Table 2 Summary of microelectrode recordings data from both media and neointima of porcine coronary arteries (n= 4). The resting
membrane potential was 50.7±0.5 mV and 50.35 ± 0.24 mV in neointimal and medial cells respectively. 1-EBIO: opener of IKCa
channels, bradykinin: opener if IKCa and SKCa channels, NS1619: opener of BKCa channels.
Drug applied In the absence of TRAM34+ apamin In the presence of TRAM 34 alone In the presence of TRAM34+ apamin
Neointima
600 lm 1-EBIO 17 ± 1.3 mV 22 ± 0.7 mV; P> 0.05 0.7 ± 0.3 mV; P= 0.034
100 lm bradykinin 13.7 ± 3.7 mV 13.2 ± 2.1 mV; P> 0.05 4.5 ± 1 mV; P> 0.05
33 lm NS1619 20.3 ± 0.5 mV 23.5 ± 1.5 mV; P> 0.05 23.5 ± 1 mV; P> 0.05
Media
600 lm 1-EBIO 52.15 ± 0.65 mV 50.02 ± 0.45 mV; P> 0.05 50.23 ± 0.2 mV; P> 0.05
100 lm bradykinin 49.50 ± 0.45 mV 49.92±0.6 mV; P> 0.05 49.00 ± 0.34 mV; P> 0.05
33 lm NS1619 21.68 ± 0.99 mV 22.00 ± 0.1 mV; P> 0.05 22.00 ± 1.2 mV; P> 0.05
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propagate to underlying myocytes leading to the dilatation
of stented segment of the artery and, therefore, contribute to
the expansion of the lumen. This may support a previous ﬁnd-
ing which suggested that some degree of neointimal hyperpla-
sia is desirable [3].
In addition to the endothelial regeneration, there are other
factors that might be important in the neointima hyperplasia
and, therefore, may affect restenosis such as the degree of med-
ial SMC injury. Areas of vessel that have late endothelial cells
regeneration and without a medial trauma are associated with
a mild neointimal thickening [24]. In contrast, areas which
have early endothelial cells regeneration and a substantial
medial trauma, exhibit a marked neointimal thickening [25].
Although the present study provided some evidence that
the presence of functional KCa in regenerated endothelium,
which accompanied stent implantation in the artery, and
may be one of the mechanisms to reduce the stress on myo-
cytes stretched by stent placement. However, the present study
has some limitations.
The present study did not examine other endothelium-
dependent relaxant mechanisms, although these are also likely
to be modiﬁed. In addition, an investigation of changes in KCa
expression and function during the early stages of neointima
would be very informative since most of the smooth muscle
cells, either in the media of stented vessel or neointima, may
be still in migrating or proliferating states which may be asso-
ciated with different levels of KCa expression relative to those
observed at 28 days. However, these investigations were not
ﬁnancially possible due to sparsity of neointima and need for
large numbers of animals.
Furthermore, since KCa expression seems to be affected by
stent insertion in coronary arteries with possible development
of endothelial regeneration within the neointima, it would be
of interest to isolate and culture cells of the neointima in order
to study the exact mechanism of action by which KCa channels
may play a role in the proliferation and/or preservation of
function of regenerated endothelium. Additionally, several
modulators of IKCa and SKCa channels can be tested on iso-
lated cells, then on the blood vessels which may have positive
impact on limitation of stent restenosis. This in turn may im-
prove the function of the blood vessel and hence the quality
of life for patients and reduce the cost of repeating the invasive
procedure of stent implantation few months or years due to
neointimal hyperplasia and re-narrowing the blood vessel lu-
men. However, testing such modulators and possible accompa-
nying change in neointimal formation is worthy of
investigation but was beyond the scope of this study.Conclusions
The present study performed on porcine coronary artery dem-
onstrated the changes in KCa channels after the stent implana-
tion. The neointima formation was associated with the
expression of functional BKCa, IKCa and SK3 (EDHF compo-
nents) which indicates that some degree of endothelial regener-
ation had occurred. In contrast, the media expressed only
functional BKCa and not IKCa or SK3. The presence of func-
tional endothelial cells within neointima suggested that some
degree of neointimal hyperplasia is desirable since these K+
channels contribute to hyperpolarization and relaxation ofmyocytes and, therefore, might improve the vessel function.
However, although the EDHF response was unaffected by
arterial intervention, other mechanisms that might be impaired
cannot be excluded and further investigation is required.Acknowledgements
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